Background. Monocytes/macrophages from filaria-infected animals exhibit an alternatively activated phenotype; however, very little is known about the alternative activation phenotype of monocytes in human filarial infection.
Filarial infection-induced monocyte dysfunction is an important feature of patent lymphatic filariasis. First, monocytes from individuals with filarial infection exhibit a diminished ability to respond to pathogenassociated molecular patterns because of their decreased activation through Toll-like receptor [1] . Second, monocytes from individuals with filarial infection exhibit diminished expression of the proinflammatory cytokines interleukin (IL)-1␣, IL-1␤, macrophage inflammatory protein (MIP)-1␣, MIP-1␤, and IL-8 and increased expression of the immunoregulatory cytokine IL-10 [2, 3] . Third, monocytes from patients with filiarial infection exhibit diminished expression of genes related to the antigen processing and presentation pathway, which is presumably a direct consequence of filarial antigen internalization [3] . Fourth, several life-cycle stages of the filarial parasite are known to induce downregulation of activation markers, costimulatory molecules, cytokines, and effector activity of monocytederived dendritic cells and macrophages in vitro [4] . Fifth, classical activation of monocytes and macrophages (hereafter, "monocytes/macrophages") has been suggested to be detrimental to filarial parasite survival, because the gene encoding nitric oxide synthase 2, NOS2, has, in several murine models of infection, been shown to be an important mediator of resistance to filarial parasites [5] [6] [7] [8] . Finally, filarial parasites are potent inducers of IL-4 and IL-13, cytokines known to cause differentiation of macrophages to the alternatively acti-vated phenotype [9] , a process that could contribute to the establishment of chronic infections.
Macrophages activated by the T helper (Th) 1 cytokines interferon-␥ (IFN-␥) and tumor necrosis factor-␣ (TNF-␣) play a critical role in destroying intracellular pathogens through the production of proinflammatory mediators, such as nitric oxide [9 -11] ; however, macrophages can also be activated by Th2-type cytokines (particularly IL-4 and IL-13) that cause the development of a phenotype, termed "alternative activation," that is distinct from the classical phenotype [9 -11] . The alternative activation pathway is not simply defined by the downregulation of IFN-␥-mediated processes but rather is a distinct lineage characterized by expression of specific cell surface and intracellular markers and by the ability to perform discrete functions [9 -11] . The most important distinction between the 2 categories of macrophages is the use of different metabolic pathways for catalysis of L-arginine. Under classical conditions, inflammatory macrophages produce nitric oxide as a result of their up-regulation of NOS2, which catalyzes the L-arginine substrate. Under alternatively activated conditions, ARG1 (which encodes liver arginase) is up-regulated, and induction of ARG1 leads to catalysis of L-arginine to L-ornithine and urea. The upregulation of NOS2 is characteristically associated with suppression of ARG1, and up-regulation of ARG1 is associated with suppression of NOS2, indicating a competitive relationship between these differing states of macrophage metabolism [9] .
In vitro studies with INF-␥-or lipopolysaccharide-activated macrophages suggest that classical activation of macrophages is a major mechanism of resistance to filarial parasites [7, 8] . This finding differs from observations of the macrophage response to gastrointestinal nematodes, in which the alternative activation pathway plays a more important role in resistance [12] . The mechanism by which classically activated macrophages damage filarial parasites is through the release of reactive oxygen species and nitric oxide derivatives [7, 8] . Studies involving animal models suggest that filarial parasites have evolved mechanisms to down-regulate the classical macrophage activation pathway and stimulate induction of alternatively activated macrophages [13] . These macrophages predominantly express ARG1 and 2 characteristic marker genes, YM1 and RELMa, and are profoundly down-regulatory, as indicated by their ability to suppress proliferation of a wide variety of cells [14, 15] . Whether a similar dichotomy exists for human monocytes/macrophages and whether filarial infections induce alternative activation of human monocytes/macrophages are not known. Moreover, the lack of specific markers of alternative activation in human monocytes/macrophages (and the failure to find distinct homologs of YM1 and RELMa in the human genome) has made it difficult to study this lineage of cells in human infections.
We have used a wide array of markers known to be associated with alternative activation of monocytes/macrophages in mice to identify and study the presence and function of alternatively activated monocytes in the peripheral blood of patients with filarial infection. Our study reveals the presence of a population of monocytes that predominantly express alternative activation protein and gene markers in individuals with filarial infection. These monocytes also have an immunoregulatory phenotype, owing to their enhanced expression of the cytokines transforming growth factor ␤ (TGF␤) and IL-10, expression of diminished levels of the proinflammatory cytokines IL-12 and IL-18, and augmented induction of SOCS-1, which encodes suppressor of cytokine signaling-1. In addition, the alternatively activated and immunoregulatory phenotype of filaria-infected monocytes is dependent on the activity of the L-arginine-metabolizing enzyme arginase.
SUBJECTS, MATERIALS, AND METHODS

Study population.
We studied a cohort of 20 individuals from an area in the Tamil Nadu state of southern India, where lymphatic filariasis is endemic. This included 10 individuals with asymptomatic filarial infection (AFI) and 10 uninfected individuals. The individuals in the AFI group had positive results of the ICT filarial antigen test (Binax) and the Trop Bio Og4C3 enzyme-linked immunosorbent assay (ELISA; Trop Bio) test for circulating filarial antigen. All uninfected individuals tested negative for filarial antigen and had no history, signs, or symptoms of filarial infection. Levels of Brugia malayi antigen (BmA)-specific immunoglobulin (Ig) G4 in individuals with AFI ranged from 1389 to 7830 pg/mL (geometric mean [GM], 4176.7 pg/ mL); BmA-specific IgG4 was not detected in uninfected individuals. Levels of BmA-specific total IgG ranged from 97.4 to 643.8 ng/mL (GM, 280.2 ng/mL) among individuals with AFI and from 4.3 to 350.5 ng/mL (GM, 40.1 ng/mL) among uninfected individuals. ELISAs for detection of BmA-specific IgG4 and IgG were performed exactly as described elsewhere [16] . All individuals provided informed consent and were examined as part of a clinical protocol approved by institutional review boards of the National Institute of Allergy and Infectious Diseases and the Tuberculosis Research Center.
Isolation of peripheral blood mononuclear cells (PBMCs). Heparinized blood was collected, and peripheral blood lymphocytes were isolated by Ficoll diatrizoate gradient centrifugation (LSM; ICN Biomedicals). Erythrocytes were lysed using ACK lysis buffer (BioSource International). Cells were then washed and cultured in RPMI-1640 (BioWhittaker) supplemented with 20 mmol/L of glutamine (BioWhittaker), 10% heat-inactivated fetal calf serum (Harlan Bioproducts for Science), and 50 g/mL of gentamicin (Mediatech).
Parasite and control antigen. Saline extracts of BmA were used as the parasite antigens, and mycobacterial purified protein derivative (PPD; Statens Serum Institute) was used as the control antigen. Final concentrations were 5 g/mL for BmA and 10 g/mL for PPD. The endotoxin level in final soluble BmA was determined to be Ͻ0.1 EU/mL, using the QCL-1000 Chromogenic LAL test kit (BioWhittaker).
In vitro culture and cell purification. PBMCs were cultured with BmA or PPD in 24-well tissue culture plates (Corning Life Sciences) at a concentration of 5 ϫ 10 6 cells/well. After 24 h, CD14 ϩ monocytes (confirmed as such on the basis of positive selection with anti-CD14 beads) were isolated by magnetic column purification (Miltenyi Biotec). The cells were Ͼ90% pure in all our experiments, as estimated by flow cytometry. A representative dot plot showing the purity of CD14 ϩ monocytes after positive selection is shown in figure 1 , which appears only in the electronic edition of the Journal. For arginase-1 inhibition, PBMCs were cultured with BmA in the presence of N -hydroxynor-L-arginine (LOHA; CalBiochem) at a concentration of 500 mol/L per well for 72 h before monocyte isolation [17] .
RNA preparation. Monocytes were lysed using the reagents of a commercial kit (QIAshredder; Qiagen). Total RNA was extracted according to the manufacturer's protocol (RNeasy mini kit; Qiagen), and RNA was dissolved in 50 L of RNase-free water.
Complementary DNA (cDNA) synthesis. RNA (1 g) was used to generate cDNA by means of TaqMan reverse transcription reagents, according to the manufacturer's protocol (Applied Biosystems). In brief, random hexamers were used to prime RNA samples for reverse transcription using MultiScribe reverse transcriptase.
Real-time reverse transcription-polymerase chain reaction (RT-PCR).
Real-time quantitative RT-PCR was performed in an ABI 7700 sequence detection system (Applied Biosystems), using Applied Biosystems TaqMan Assays-onDemand reagents, to quantify messenger RNA (mRNA) levels of NOS2; ARG1; genes encoding resistin, mannose receptor C type-1 (MRC1), macrophage galactose type C lectin (MGL), chemokine ligand 18 (CCL18), IL-12p40, IL-18, TNF-␣, IL-8, TGF␤, IL-10, and suppressor of cytokine signaling (SOCS) family proteins (i.e., cytokine inducible SH2-containing pro-
Figure 2.
Filarial infection is associated with elevated ARG1 and decreased NOS2 expression. Peripheral blood mononuclear cells from 10 patients with asymptomatic filarial infection (AFI) and 10 uninfected patients (UN) were examined at baseline (A) or were stimulated with Brugia malayi antigen (BmA; 10 g/mL; B ) or purified protein derivative (PPD; 10 g/mL; C ) for 24 h, after which monocytes were isolated. NOS2 and ARG1 messenger RNA (mRNA) levels were measured by real-time reverse transcription-polymerase chain reaction and normalized to the levels of the 18S ribosomal RNA control gene in the isolated monocytes. Results are shown as fold change versus media control. D, Correlation between baseline levels of ARG1 and NOS2 mRNA is shown as an x-y scatterplot. P values were calculated using the Mann-Whitney U test or the Spearman rank correlation test. 1/dCT, 1/[change in cycle threshold for the target gene minus that for the control gene]. Statistical analysis. Comparisons were done using the nonparametric Mann-Whitney U test (for unpaired data) and the Wilcoxon signed rank test (for paired data). Correlations were performed using the Spearman rank correlation test. All statistic analyses were performed with GraphPad Prism, version 5.0 (GraphPad Software).
RESULTS
Filarial antigen induces down-regulation of NOS2 and upregulation of ARG1 in monocytes from patients with AFI.
Because induction of ARG1 and inhibition of NOS2 are essential for establishment of alternatively activated monocytes, we stimulated PBMCs from uninfected persons and persons with AFI with BmA or PPD for 24 h and measured the mRNA levels of NOS2 and ARG1 by RT-PCR. As shown in figure 2A , monocytes from patients with AFI expressed significantly less NOS2 mRNA and significantly more ARG1 mRNA, compared with monocytes from uninfected patients (GM relative transcript levels, 0.04174 vs. 0.06551 for NOS2 and 0.06078 vs. 0.04913 for ARG1). The parasite antigen BmA induced significant additional downregulation of NOS2 and significant up-regulation of ARG1 in the AFI group, compared with the uninfected group (GM fold changes, 0.8016 vs. 1.465 for NOS2 [ figure 2B ] and 1.265 vs. 0.5329 for ARG1 [ figure 2C] ). Of interest, no significant alterations in the expression of NOS2 or ARG1 were observed between the groups in response to the nonparasite antigen PPD. Furthermore, as shown in figure 2D , baseline data for all 20 sub-
Figure 3.
Filarial infection is associated with enhanced expression of alternative activation genes. Peripheral blood mononuclear cells from 10 patients with asymptomatic filarial infection (AFI) and 10 uninfected patients (UN) were examined at baseline (A) or were stimulated with Brugia malayi antigen (BmA; 10 g/mL) or purified protein derivative (PPD; 10 g/mL) for 24 h, after which monocytes were isolated. Resistin (B), mannose receptor C type 1 (MRC1; C ), chemokine ligand 18 (CCL18; D ), and macrophage galactose type C lectin (MGL; E ) messenger RNA levels were measured by real-time reverse transcription-polymerase chain reaction and normalized to the levels of the 18S ribosomal RNA control gene in the isolated monocytes. Results are shown as relative transcript levels or fold change versus media control. P values were calculated using the Mann-Whitney U test. 1/dCT, 1/[change in cycle threshold for the target gene minus that for the control gene].
jects revealed an inverse relationship between NOS2 expression and ARG1 expression (r ϭ Ϫ .7880; P Ͻ .001, by the Spearman rank correlation test), suggesting that the presence of a patent filarial infection is associated with induction of the alternative pathway of monocyte activation.
Filarial antigen induces increased expression of alternative activation genes in monocytes from patients with AFI. To characterize the alternative activation pathway in human monocytes further, we examined the patterns of mRNA expression for resistin, MRC1, CCL18, and MGL, each of which is known to be associated with the alternative activation pathway in macrophages [18, 19] . As shown in figure 3A , baseline expression in the AFI group was significantly greater than that in the uninfected group for resistin (GM relative transcript level, 0. figure 3B-3E ). In contrast, PPD induced no significant differences between the 2 groups in the expression of these proteins. Thus, induction of the markers for alternative monocyte activation (i.e., resistin, MRC1, CCL18, and MGL) is filaria-antigen specific.
To determine whether there is an association between the expression of ARG1 and the expression of other genes implicated in the alternative activation pathway, we examined the relationship between ARG1 expression and the expression of the genes encoding resistin, MRC1, CCL18, and MGL. As shown in figure  4 , we found a statistically significant association between the baseline expression of ARG1 and that of the genes encoding resistin (r ϭ 0.8226; P Ͻ .001), MRC1 (r ϭ 0.5747; P ϭ .008), CCL18 (r ϭ 0.6830; P Ͻ .001), and MGL (r ϭ 0.8770; P Ͻ .001).
Filarial antigen induces down-regulation of IL-12 and IL-18 and up-regulation of TGF␤ and IL-10 by monocytes from patients with AFI. Because classically activated monocytes are predominantly associated with secretion of proinflammatory cytokines [20] , we stimulated PBMCs from individuals from both study groups with BmA or PPD for 24 h, purified the monocytes, and measured the IL-12, IL-18, TNF-␣, and IL-8 mRNA levels by RT-PCR. As shown in figure 5A , BmA caused significantly down-regulated expression of IL-12 and IL-18 Because alternatively activated monocytes are predominantly associated with secretion of regulatory cytokines [20] , we stimulated PBMCs from individuals in the uninfected group and patients in the AFI group with BmA or PPD for 24 h, purified the monocytes, and measured the levels of TGF␤ and IL-10 mRNA by RT-PCR. Although baseline expression was not significantly different between the 2 groups, BmA induced significant up- Figure 5 . Filarial infection is associated with decreased expression of proinflammatory cytokines and increased expression of down-regulatory cytokines. Peripheral blood mononuclear cells from 6 patients with asymptomatic filarial infection (AFI) and 6 uninfected patients (UN) were stimulated with Brugia malayi antigen (BmA; 10 g/mL) or purified protein derivative (PPD; 10 g/mL) for 24 h, after which monocytes were isolated. Interleukin (IL)-12, IL-18, tumor necrosis factor-␣ (TNF-␣), IL-8 messenger RNA levels (A) and transforming growth factor ␤ (TGF␤) and IL-10 messenger RNA levels (B) were measured by real-time reverse transcription-polymerase chain reaction and normalized to the levels of the 18S ribosomal RNA control gene in the isolated monocytes. Results are shown as fold change versus media control. P values were calculated using the Mann-Whitney U test.
regulation of the genes encoding TGF␤ and IL-10 in patients from the AFI group, compared with uninfected persons (GM fold changes, 3.353 vs. 1.153 for TGF␤ and 5.0845 vs. 1.081 for IL-10; figure 5B ). Of interest, no significant alteration in the expression of TGF␤ or IL-10 mRNA was observed in response to the nonparasite antigen PPD. Thus, augmented induction of the Figure 6 . Filarial infection is associated with increased expression of SOCS-1. Peripheral blood mononuclear cells from 6 patients with asymptomatic filarial infection (AFI) and 6 uninfected patients (UN) were stimulated with Brugia malayi antigen (BmA; 10 g/mL) or purified protein derivative (PPD; 10 g/mL) for 24 h, after which monocytes were isolated. Cytokine inducible SH2-containing protein (CIS), suppressor of cytokine signaling (SOCS)-1, SOCS-2, SOCS-3, SOCS-4, SOCS-5, and SOCS-7 messenger RNA levels were measured by real-time reverse transcription-polymerase chain reaction and normalized to the levels of the 18S ribosomal RNA control gene in the isolated monocytes. Results are shown as fold change over media control. P values were calculated using the Mann-Whitney U test.
genes encoding regulatory cytokines IL-10 and TGF␤ in monocytes is restricted to filarial antigen stimulation.
Filarial antigen induces increased expression of SOCS-1 mRNA in patients with AFI. Because the SOCS family of genes is involved in the regulation of cytokine secretion in monocytes [21] , we stimulated PBMCs from uninfected individuals and patients with AFI with BmA or PPD for 24 h and examined the patterns of CIS, SOCS-1, SOCS-2, SOCS-3, SOCS-4, SOCS-5, and SOCS-7 mRNA expression in the purified monocytes. Although baseline expression of this protein family in patients with AFI was not significantly different from that in uninfected persons, we found that BmA induced significantly increased expression of SOCS-1 (GM fold change, 1.963 vs. 0.8207) but not of the other SOCS family genes (figure 6). PPD had no significant effect on induction of the SOCS family genes in either group.
Arginase-1 inhibition negates the increased expression of alternative activation markers in patients with AFI. To examine whether arginase-1 is involved in the establishment of the alternative activation differentiation pathway in human monocytes, we stimulated PBMCs from patients in the AFI group with BmA for 72 h in the presence or absence of the arginase-1 inhibitor LOHA and examined the patterns of resistin, MRC1, CCL18, and MGL mRNA expression in purified monocytes. As shown in figure 7 , a comparison of LOHA-exposed PBMCs with non-LOHA exposed PBMCs revealed that BmA induced significantly decreased PBMC expression of genes encoding resistin (GM fold change, 0.6276 vs. 1.384), MRC1 (0.6118 vs. 1.389), CCL18 (0.6915 vs. 3.245), and MGL (0.7761 vs. 1.920), thereby establishing a link between induction of ARG1 and expression of these known markers of the alternative activation pathway in human filarial infection.
Arginase-1 inhibition up-regulates the expression of IL-12 and IL-18 mRNA in patients with AFI. To examine the functional importance of the impairment in the induction of alternative activation genes by arginase-1 inhibition, we examined mRNA expression for NOS2 and the genes encoding IL-12, IL-18, and SOCS-1. As shown in figure 8 , expression of NOS2 in the presence of arginase-1 inhibition was significantly greater than that in the absence of arginase-1 inhibition (GM fold change, 4.4446 vs. 0.5737). Of note, arginase-1 inhibition also significantly increased the expression of IL-12 (GM fold change, 4.888 vs. 0.4292) and IL-18 (GM fold change, 5.959 vs. 1.038) mRNA, Figure 7 . Inhibition of ARG1 leads to down-regulation of alternative activation genes and up-regulation of NOS2 and the genes encoding interleukin (IL)-12 and IL-18. Peripheral blood mononuclear cells from 6 patients with asymptomatic filarial infection were stimulated with Brugia malayi antigen (10 g/mL) for 24 h in the presence or absence of ARG1 inhibitor N -hydroxy-nor-L-arginine, after which monocytes were isolated. Resistin, mannose receptor C type 1 (MRC1), chemokine ligand 18 (CCL18), and macrophage galactose type C lectin (MGL) messenger RNA levels were measured by real-time reverse transcription-polymerase chain reaction and normalized to the levels of the 18S ribosomal RNA control gene in the isolated monocytes. Results are shown as fold change versus media control in the presence or absence of inhibitor. P values were calculated using the Wilcoxon signed rank test.
suggesting that the arginase-1 pathway in monocytes is mediating down-regulated proinflammatory cytokine expression in filarial infections. Arginase-1 inhibition, however, had no significant effect on expression of SOCS-1 mRNA (GM fold change, 1.570 vs. 1.857). Thus, the induction of arginase-1 activity is critical for the function of alternatively activated monocytes in human filarial infections.
DISCUSSION
The classical pathway of IFN-␥-dependent activation of macrophages by Th1 responses is an important feature of cellular immunity to infection with intracellular pathogens such as Mycobacterium tuberculosis and human immunodeficiency virus [22] . The concept of an alternative pathway of macrophage activation induced by IL-4 and IL-13 (Th2-type cytokines) has been postulated to account for a distinctive macrophage phenotype that is consistent with a role in humoral immune responses and wound healing in murine models [9] . The main defining characteristic of the alternative activation pathway is the induction of the enzyme arginase. This pathway in macrophages has been seen commonly in several models of infection caused by helminths, most notably Schistosoma mansoni, Heligmosomoides polygyrus, Nippostrongylus brasiliensis, Taenia crassiceps, Trichinella spiralis, Fasciola hepatica, Ascaris suum, and a number of filarial parasites [23, 24] .
Helminth-induced alternatively activated macrophages have been shown to be important in 3 different processes: control of Th1-type inflammation, wound healing, and worm expulsion [23] . These cells have been characterized by the expression of a number of markers (apart from ARG1): IL-4R␣, CD206 (MRC1), resistin-like molecule a (RELMa; also known as FIZZ1), YM1, acidic mammalian chitinase (AMCase), MGL (mMGL1 and mMGL2), hemoglobin scavenger receptor (CD163), IL-27R␣, CCL17, CCL18, CCL22, matrix metalloproteinases, and the extracellular matrix protein ␤IG-H3 [18, 19, 23, 25] ; however, studies of alternatively activated human monocytes/ macrophages are sparse because of the lack of specific markers associated with alternative activation in human myeloid cells and because of relatively poor homology between human and mouse with respect to some of the prototypical molecules associated with alternative macrophage activation (e.g., YM1 and RELMa in mice) [19, 26, 27] . Thus, although ARG1 is a classical marker for alternative activation in mouse macrophages, its expression in human monocytes/macrophages is not well-defined [19, 28 -30] . We therefore examined the induction of NOS2 and ARG1 in purified monocytes from patients with AFI and individuals without filarial infection to elucidate the role of these enzymes in monocyte differentiation. Our results suggest that ARG1 expression is moderately induced in filarial infections, whereas NOS2 expression is suppressed, and that this differentiation occurs at baseline and is amplified by filarial-antigen stimulation. Hence, ARG1 induction can be used to delineate distinct monocyte differentiation patterns in filarial infections. This is corroborated by the examination of known markers of alternative activation in human monocytes/macrophages. Human MRC1 (CD206), CCL18, and MGL are known markers of human alternatively activated macrophages [18, 25, 31] . RELMa is encoded by a prominent gene that, in murine models, was induced after exposure to a wide variety of helminths [30] . Although no RELMa ortholog has been identified in the human genome, the human gene encoding resistin shows the greatest similarity in sequence and expression pattern to murine RELMa [32] . Our examination of gene expression in filarial antigenexposed monocytes revealed up-regulation of all these molecules in patients in the AFI group but not in uninfected individuals. Although resistin is commonly associated with metabolic pathways related to adipose tissue [33] , our results suggest a potentially new role for resistin as a marker for alternatively activated monocytes under Th2 conditions. The results from this study also reveal a novel link between induction of ARG1 in monocytes and expression of genes encoding the alternative activation markers (i.e., resistin, MRC1, CCL18, and MGL).
To elucidate the functional phenotype of the filaria-infected monocytes, we examined the expression of both proinflammatory and immunoregulatory cytokines in response to filarial and control antigens. In agreement with previous reports, monocytes from individuals with filarial infection expressed increased levels of the immunoregulatory cytokine IL-10 [2, 3, 34] . In addition, expression of monocyte-derived TGF␤ is also upregulated. Thus, the alternatively activated monocytes in filarial infections appear to have a function that is predominantly regulatory. This is further reinforced by the finding that filariainfected monocytes also express diminished levels of the proinflammatory cytokines IL-12 and IL-18. Because IL-12 and IL-18 are important in the establishment of Th1 responses [35] , monocytes in individuals with filarial infection might potentially be responsible for the down-regulated Th1 responses in filarial infections. Regulation of cytokine expression is modulated by the SOCS family in a variety of settings, including filarial infections [35] . Our examination of the expression patterns of SOCS family members in monocytes reveals that transcriptional regulation of SOCS-1 is a feature of filarial infections. SOCS-1 is a known down-modulator of Th1 responses [21] , and SOCS-1 up-regulation identifies another pathway for modulating Th1 responses to filarial antigen.
Inhibition of arginase-1 induction by the competitive inhibitor LOHA significantly decreased the expression of resistin, MRC1, CCL18, and MGL mRNA in filaria-infected patients. Thus, the differentiation of monocytes during filarial infection to the alternative activation pathway, with expression of characteristic markers, is dependent on arginase. To elucidate the mechanism by which arginase-1 inhibition suppresses development of alternatively activated monocytes, we examined the induction of the competing enzyme encoded by NOS2. Indeed, NOS2 expression was significantly enhanced in the presence of LOHA, as was the expression of genes encoding IL-12 and IL-18. This cytokine expression pattern was not associated with altered expression of SOCS-1. Taken together, these data identify an important role for arginase-1 in establishing or maintaining the alternative activation phenotype and function in human monocytes. Although we have begun elucidating the role of arginase-1 in alternative activation of monocytes, further studies will be needed to look at the influence of arginase-1 on T and B cell responses. The mechanism by which arginase-1 influences the establishment and/or maintenance of the alternatively activated phenotype in monocytes also needs further dissection.
Thus, we have identified a pathway of differentiation for monocytes in human lymphatic filariasis that involves upregulation of genes associated with alternative activation and a cytokine profile that is profoundly inhibitory in nature. To our knowledge, this is the first description of infection-elicited alternative activation of monocytes in humans. This phenotype is influenced by arginase-1 and suggests that alternatively activated monocytes have an important role in antigen-specific immune tolerance in human lymphatic filariasis. 
